Abstract-It is an accepted fact that transverse Doppler effects of the first order in v/c are nonexistent for all physical wave phenomena, including acoustics, i.e., the Doppler effect is zero for radiation normal to the direction of motion. However, this statement assumes that the incident field is a plane wave, which is not true in general for finite aperture sources. Consequently, the probing of flows transverse to the axis of finite diameter beams, particularly focused beams, is feasible. This geometry will be advantageous in many applications where the classical orientation of the sound beam, oblique to the flow, is not possible. With this motivation in mind, the theory and experimental feasibility of measuring Doppler spectra in transverse geometries is presently investigated.
INTRODUCTION
THE simplistic (in the sense of incident plane wave) 1 Doppler effect [1] - [3] has been applied to electromagnetic as well as acoustical waves. For a target with velocity v, the exact relativistic analysis for electromagnetic waves [2] , [4] , [5] 
where k, k, is a unit vector in the direction of propagation of the incident, and the scattered field, respectively. Clearly, (1) reduces to the first-order expression commonly used, and demonstrates that for transverse waves, i.e., for waves at right angles to the motion where v -k = v * k, = 0, we obtain fs = f and the Doppler effect vanishes [6] . For ks = -k, the Doppler effect is doubled fs = f (1 -2v * k/c). The argument about the direction of transverse motion does not end with (1) . In relativistic electrodynamics, second-order effects due to the aberration phenomenon may be detectable [7] , [8] . Arguments of this kind led to a concensus that the detection of transverse motion, especially in mechanical systems, e.g., acoustics, is impossible. However, this argument only applies to incident plane waves of infinite extent, whereas in real life, we usually encounter beams of finite width. Because the decomposition of the beam field involves plane waves which are oblique with respect to the axis, or in other words, due to the inhomogeneous field in the cross section of the beam, we might still be able to measure motion transverse to the beam axis. Even stronger effects should be obtainable with focused beams where the spatial gradient of the field is large in the focal region.
In an earlier study [9] based on geometrical ray arguments, it has been shown that the breadth of the Doppler output spectrum was dependent on the angles made by the outer rays of the illuminating sound beam with the flow direction. In the present study, using a more rigorous diffraction theory, this result is shown to hold true even when the flow direction is at right angles to the beam axis. Note that the results of the present paper which demonstrate that Doppler signals are produced by laminar flow normal to the axis of a focused transducer, should not be confused with recent studies [10] , [11] in which transducers oriented at right angles to blood vessels are used to obtain Doppler signals from vortexes. In that case, the Doppler signals result mainly from the flow components which are not normal to the beam axis.
0018-9294/87/1000-0779$01 .00 © 1987 IEEE 779 The present study is anchored by the experimental work of Cisneros [12] , for which a theoretical model is devised and analyzed. The first geometry analyzed is that of a twodimensional strip transducer. This provides results which can be interpreted in terms of geometrical or ray acoustics and used to qualitatively explain our experimental results [13] . This is followed by a more complex analysis of the more realistic case of a cylindrical transducer which gives results in quantitative agreement with experiment.
The theory given below shows that the echo amplitude spectral density (i.e., the square root of the power spectral density) expected from a two-dimensional long strip aperture beam, focused on particles moving with velocity v normal to the beam direction, has a triangular shape. The peak of this spectrum (shown in Fig. 4 The experiments reported here [12] used a circular aperture transducer, for which our theory predicts an echo spectrum of the same bandwidth but having the shape of a "rounded" triangle, shown in Fig. 7 , again centered on the (angular) frequency co. The experimental results agree with the numerical results based on theory, within the accuracy expected from the approximations that were made. Note also that Bascom et al. [14] have recently numerically computed a spectrum of similar symmetry and shape for the case of a continuous Doppler system irradiating transverse flow in the near field of a circular aperture.
The effects reported here, namely the ability to make Doppler flow measurements of flow normal to the beam axis, are of first order in v/c and are therefore significant for other branches of wave physics, e.g., electromagnetic waves, in similar configurations.
TWO-DIMENSIONAL ANALYSIS
As explained above, the simplest model of the problem which provides physical insight, involves a strip transducer-oo < -< + oo defined at z = Oand-W/2 < t c W/2 (see Fig. 1 ). For harmonic waves, any acoustical field parameter (the acoustical pressure, say) must satisfy the Helmholtz wave equation (V2 + k2)0 = 0, k= w/c (2) where c is the speed of sound. Consider a line source element dt, -oo < q < + oo producing at large distances a field which is omnidirectional in the xz plane
This is the asymptotic solution of (2) 
where K is a constant of proportionality and sinc A = (sin A) /A. Due to the presence of the converging lens in front of the transducer ( Fig. 1) , all rays at a given angle 0 converge at a point x in the focal plane. This justifies the use of the above far field forms for the geometry of a focused transducer. Neglecting lens end effects (vignetting) and assuming that the dimensions of the region of interest in the focal plane are small compared to the focal length F, we have a transformation (see Fig. 2 ) (6) sin 0 -0 = x/F. It follows that (5) is approximately given by 4) = K' sinc e -it \ 2cF/ where r = F in (5) , and other terms are absorbed into the new constant K'.
We consider now a stream of scatterers moving in the focal plane with velocity v in the x direction. These small, three-dimensional particles move through the line focus x = 0, z = F, and arbitrary y. Since the transducer (now acting as receiver) is infinite in the y direction, its response to scattering from a point particle, after integration from y =-oo to y = + oo, is independent of y. Inasmuch as the coordinate y of the particles is irrelevant, we may assume, without lack of generality, that particles are continuously distributed along the y direction. In other words, the situation is equivalent to having thin line "particles" aligned in the y direction. These two-dimensional line particles constitute omnidirectional monopole scatterers radiating in the far field according to a°(k) exp (ik'r' -ico't),
'IR (8) where a0 (k' ) is a coefficient depending on the excitation frequency t', and r' is the distance from the monopole. The line particle is moving according to
(see Fig. 1 ). The total field produced by the transducer is (9) where the time origin has been arbitrarily chosen as t = 0. Hence, the excitation field is given by (9) substituted into (7):
with -y = (v/c) (W/F). Here we have again substituted r' = F, and the integrand of (10) also displays the spectrum (i.e., the Fourier transform) of the excitation field depicted in Fig. 3 ; here K" is another constant factor. Note that the boundaries of the spectrum of (10), as shown by the limits of the integral, are identical to the Doppler shifts of the rays emanating from the edges of the transducer and received by a scatterer moving through the focus z -F, x = 0 at velocity v along the x axis. For example, the rays emanating from the transducer edges + = ±W/2 produce Doppler shifts +±wy/2 = +( xv/c) cos a where a is the angle subtended by the velocity v and these rays.
From (8) and-(10) the back-scattered field reaching the transducer (now operating as receiver) at z = 0, is given by Fig. 3 . Shape of amplitude spectral density function for the field exciting the particles moving through the focus. This is also the spectrum received at the center of the transducer (now acting as receiver) due to a moving line particle transmitting at a single frequency c'.
terer going through the focus according to the spectrum of (10) and Fig. 3 , then this object, if acting as a transmitter at frequency w', will produce the same spectrum at the extended receiver. In other words, a moving source emitting a frequency c', passing through the sinc function radiation pattern lobes of the receiving transducer, produces an amplitude modulated response in the receiver, having exactly the rectangular spectrum of Fig. 3 . Thus, we obtain
dw ' e -t d
where k (3) k(4) are new constants, v/Fc = k5 v/c according to (1) , and we have approximated Lo' = c in the second integral because the exponent is already of first order in v/c and only first-order effects in v/c are significant. The two integrals are now independent. The pressure k, (12) , is seen to be proportional to (11) esin t -2F .
where t' = t -F/c is the retarded time and K" is the same factor as in (10) . This spectrum is identical to (10), provided aO (k') in the band X (1 -Py/2) sc'
is well approximated by a constant a, (k) at the central frequency.
We are now interested in computing the total field intercepted by the receiver. There are two equivalent methods to approach this problem. The more obvious is to say that since we have demonstrated that an argument based on diffraction of waves leads to (10) , but since this result could also be reached by computing the Doppler effects due to rays coming from various directions, therefore we are free to use a ray argument to compute the cumulative response of all parts of the receiver [13] . A more general way of looking at the problem is by invoking the principle of reciprocity. This states that if a single frequency at the transducer (acting as transmitter) excites a moving scatThe amplitude spectrum corresponding to this time domain waveform is obtained by convolving the spectrum of 
In continuous Doppler systems, the echo is multiplied by the reference frequency and low-pass filtered, which has the effect of down-shifting it so that the system output echo has the same triangular shaped spectrum, but now centered on zero frequency. The above analysis was for a single particle, (whether point or line particle). The contributions from many particles, having arbitrary time origins t0, instead of to = 0 as in (9), add incoherently. This means that we have to add the ordinates of the corresponding power spectral density function. Since the power spectral density function is identical for all particles, it follows that the total echo amplitude spectrum (obtained by taking the square root of the combined power spectral density function) again has the triangular shape of Fig. 4 . The same is true for the system output spectrum. Note that if the scatterers passing through the focus exhibit a range of velocities, the spectrum will lose its triangular shape, but (14) will still be valid for the extremal frequencies provided that v is now interpreted as the maximum particle velocity.
THREE-DIMENSIONAL CONSIDERATIONS
The above calculations were performed for an idealized infinite strip transducer, with the justification that this geometry leads to simple results and can be approximated by fi-nite length strip transducers. We now consider the mathematically more complex, but physically more realistic case of the uniform circular aperture transducer. This three-dimensional geometry, involving a uniform circular aperture of radius bo, produces the field (see Obviously, the field exciting a particle depends on its off center distance y from the beam axis x = 0, y = 0. (See sketch of field in Fig. 6 .) Clearly, a particle moving off the beam axis at large y will go through less pronounced modulation of'the field. Consequently, the spectrum associated with this particle, as well as the spectrum produced at the receiver due to this particle, has a narrower profile. This will not affect the edges of' the spectrum, Fig. 4 , but will cause a peaking of the profile at the central frequency o. The expression in brackets in (18) corresponds to sinc (wWvt/2cF) in (10) . The'spectrum associated with (18) is obtained by integrating from-oo to + oo with respect to t, which corresponds to a Fourier integral. This is indicated by T., i.e., we obtain
By the argument given above, based on reciprocity considerations, the spectrum received at the extended transducer is obtained by conv1olving (19) with itself. This is a function of frequency c, and y, the off-center distance. Finally, we have to add the power spectral densities, i.e., square and integral over all y. The amplitude spectral density function corresponding to the voltage obtained at the output of the receiver is given by the' square root, i.e.,
,+00
[-P+0 (17) into which the velocity in the x direction has been substi- 782 The expressions (19) , (20) (20) inso'nifying uniformnly distributed scatterers moving on a plane through the focus, is presented in Fig. 7(c) . Numerical integration was performned over the, first five Fresnel zones. The extremal frequencies, which should be identical to the coffesponding case as derived above for the infinite strip transducer using (15) (±wO(v1c) ( EXPERIMENTAL PROCEDURES Experiments designed to verify the theory using commercially available equipment were performed [12] , observing continuous and pulsatile flows. The flow model preparation consisted of a plastic tank containing a semirigid plastic tube with an internal diameter of 7.9 mm, i.e., a cross-sectional area of 0.49 cm2 and 1.5 m long. This was connected to a plastic reservoir containing 3 1 of blood-simulating mixture of water and glycerol, seeded with chromatography cellulose powder. Flow passed through the tube from an upper to a lower reservoir, with a pump being used to return the fluid to voir. From this the average velocity has been computed. For pulsatile flow experiments, a latex tube having the same internal diameter and length was used. A Harvard instruments pump was connected between the top reservoir and the water tank. This pump operated in a pulsatile pattern, and was adjusted to generate waveforms similar to those in the common carotid. The flow of blood simulating mixtures through plastic tubes was probed by means of a standard ultrasonic medical "Duplex" system which could be switched from imaging to Doppler velocity measurement without changing the transducer position. The Duplex instrumentation consisted of a Technicare Auto Sector which had a built-in spectrum analyzer. This was operated with a mechanical rotating transducer assembly (probe model 1106D) containing three transducer elements, one of them a Doppler optimized single crystal element. Imaging was performed with 7.5 MHz, image optimized single crystal transducer elements in a rotating assembly designed for real-time sectoral imaging. Doppler signals were obtained in the pulsed mode, using a repetition frequency of 15 kHz. The Doppler transducer had a crystal diameter of 11 mm and, according to the manufacturer's specifications, a beam entrance diameter of 8.5 mm. The center frequency of the transducer with 4.55 MHz, with a percent bandwidth of 20 percent, and a range cell of 1 mm length. The focal distance F of the transducer was 22 mm and at this location the beam width was 1.7 mm, which constitutes the lateral dimensions of the range cell.
The high-pass filter of the spectrum analyzer of the Duplex system had a cutoff frequency of 60 Hz. This analyzer had a 60 Hz update rate, taking 128 samples for directional analysis of the Doppler signals. The Duplex system could provide displays of the power spectra, that is, of the frequency versus the power. Typical individual power spectra for pulsatile flow through a rigid tube are shown in Figs. 8(a) and (b) for beam angles of 60°and 900, respectively, relative to the flow direction. Note the upper left-hand portion of these pictures, displaying a Bmode image of the flow tube, with the direction of the sound beam indicated by a line. These images were used to orient the transducer beam at right angles to the tube wall, and thus also to the flow. Displays of frequency spectra versus time, with frequency vertical, time horizontal, and with the spectrum amplitude represented by a grey-scale, are shown at the bottom of these two figures, for pulsatile flow having approximately one cycle/s. Two modes of displaying spectra are shown in the top righthand corners of the figures. Fig. 8(a) shows several superimposed spectra each of which is composed of a series of dots, for that portion of the flow cycle corresponding to the right-hand edge of the bottom temporal spectral display. The top right-hand corner of Fig. 8(b) shows a single spectrum for flow receding from the transducer, in which the sample points are connected by lines. The time of this spectrum corresponds to the vertical line in the bottom display.
For experiments comparing transverse and oblique flow measurement to time-volume measurements we used the ability of the spectrum analyzer to display graphically and numerically the "peak frequency" of the individual spectra, defined as that frequency which includes 95 percent of the signal power. The graphical display of the individual peak frequencies was used to display pulsatile flow velocities normal to the sound beam, as will be discussed in connection with Fig. 11 below. The numerical display of the individual peak frequencies was used to estimate the velocity of continuous flow normal to the sound beam as discussed in the next section in connection with Fig.  10 . The peak frequency estimates produced by our Duplex system are dependent on the setting of an amplitude threshold control which is designed to eliminate system noise. Thus, if this threshold is set too low, the peak frequency estimates will be too high or vice versa. For the present experiments, we used the machine preset level. The spectrum analyzer could also calculate and display the mean frequency of each individual spectrum. These frequencies were used to calculate the average range cell velocity from spectra obtained using traditional beam-toflow angles of less than 900.
Another set of experiments was perforrned to examine the degree of agreement between the theoretically predicted spectrum shape [ Fig. 7(c) ] and the actual spectrum shape [ Fig. 9(a) ]. Because there is a large variance in the individual spectra, these had first to be time averaged to be able to compare them to theory.
This was accomplished by using a separate programmable waveform analyzer (Data-6000, Data Precision), instead of the nonadjustable spectrum analyzer of the Duplex scanner, to perform Fourier transformation of the Doppler output time-signals and to do spectrum-averaging. These time-signals were provided by the two channel audio-output of the Doppler unit, corresponding to "forward" and "reverse" flow. They were recorded on a high-fidelity VCR before processing with the Data-6000. A comparison between the spectra obtained by using either the actual or the recorded signal showed no observeable difference. Thus, we are confident that the recording fidelity was satisfactory.
By choosing the appropriate time-base and number of sample-points we achieved a much better spectral resolution for the transverse Doppler signals whose frequencies are normally below 1 kHz than would have been obtained with the built-in analyzer of the Duplex system. The latter is designed to be fast and therefore delivers only a few spectrum points in the frequency range below 1 kHz. Averaging was performed by adding up 100 successive spectra which corresponds to a 10.24 s time period signal (each spectrum was formed from 512, 8 bit samples at 200 Its. intervals). Each channel signal was analyzed separately, resulting in two 256 point spectra which were then combined into the final spectrum, consisting of 512 points.
EXPERIMENTAL RESULTS
Experiments were performed to verify the theoretically predicted transverse flow spectrum shape and to investi- -o. o2-gate the feasibility of using the spectral width for measuring continuous and pulsatile flows. It has been shown above that for an infinite strip transducer the expected shape for the amplitude spectrum is triangular, and that the extremal Doppler shifts are +cw(v/c)(W/F). Furthermore, the same extremal frequencies were shown to occur for a circular transducer of diameter W.
Experimental spectra for continuous flow taken with the 1 mm range cell on the axis of the flow tube are shown in Fig. 9 . These have been time-averaged with the Data-6000 waveform analyzer and their shapes verify the theoretical predictions of Fig. 7(c) for single velocity flow insonified by a circular aperture transducer, in so far as they exhibit a similar shape, although riding on a "noise pedestal" due to system noise. (Since both the spectrum and system noise are uncorrelated processes, the Doppler and noise spectrum power are additive.) The extremal frequencies predicted by (14) are shown by arrows. These are a little closer together than the apparent width of the spectrum, which may be due to spectral broadening effects that will be discussed in a later paper. The indentation near zero frequency is due to the effect of the wall filter. Fig. 9 (b) shows a spectrum for oblique incidence where no wall filter effect occurs and that shape is a "nice" triangle as expected. The derivation for the calculation of the bandwidth for this kind of spectra will be presented in a later paper. The arrows in this figure denote the theoretically (for single velocity!) calculated extremal frequencies.
When comparing the extremal frequencies of the averaged spectra to theory, we have to expect the same uncertainty caused by the arbitrary setting of the noise rejection threshold as those encountered in connection with the peak frequency estimator of the Duplex system. That is, the noise threshold of the estimator has to be set manually above the noise-level, i.e., for poor SNR it may not be clear whether the true highest frequency already lies in the noise region of the spectrum and the estimated peakfrequency is or is not too low. For the averaged spectra, the peak-frequency was determined in two ways: a) The noise-level was estimated by inspection and the frequency with an amplitude above this level was chosen as "peak. " b) The averaged spectrum was fitted to the nearly triangular shape expected from theory and the crossing over of the triangle side on the frequency axis was used as peak. These estimated peak frequencies ranged from about 20 percent to 30 percent above those calculated by (14) . In general, our experiments showed that even for arbitrarily chosen noise rejection thresholds, the bandwidth is proportional to the flow velocity.
The fact that the shape and width of our averaged spectra agree with theory does not however guarantee that the bandwidth of unaveraged spectra can be estimated accurately and rapidly enough by the Duplex maximum frequency estimator for the results to be clinically useful. To test this estimator circuit, Doppler spectra for continuous flow were measured with both 90°and 600 beam-to-flow angles, using the instrumentation described above. For these experiments the measurement volumes were placed on the axis of the flow vessel, and far enough from the entry port, so that the velocity profile could be assumed to be parabolic. Under these circumstances, the maximum velocity within the range cell will be the axial velocity which is known to equal twice the average flow velocity. The average flow velocity for these experiments was determined, as mentioned above, by measuring the quantity of fluid passing through the tube in a known time. For each of five different velocities, using the 900 orientation, three to seven different values of the "peak" spectral frequency were measured using the built in spectral analyzer. The velocities calculated from these frequencies using (14) are plotted against the axial velocity calculated from the mechanically measured average velocity-in Fig.  10 . Using the classical 600 transducer orientation, the spectrum analyzer was used to calculate the mean spectral frequency, for three to seven individual spectra taken at each of the five velocities used in the 900 experiments. spectra. It appears that the scatter of the 900 extremal frequencies are somewhat worse than that of the 600 orientation mean frequencies.
Using the maximum frequency display of the Technicare system, it was possible to display the axial velocity for pulsed flow, using the 90°beam-flow orientation. However, for moderate pulsatile flow velocities, it was found that the Technicare system could only display the waveform during the "systolic" part of the pump cycle, since the Doppler shifts produced during the "diastole" when the pump delivered constant velocity flow, were too low for the system to process and display. Presumably, this was due to the high-pass filter cutoff occurring at 60 Hz. (The wall Doppler echo rejection filters of the Duplex system had been turned off for these experiments.) In vivo pulsatile flow displays of the common carotis, computed with the "maximum frequency" estimator of the Technicare system are shown in Fig. 11 . This picture is included to demonstrate the different effects caused by axial and radial flow with a 900 or near 900 angle between the beam and flow axes. The positive and negative axes of this display represent approaching and receding flow directions, respectively. For axial pulsatile flow normal to the beam, the maximum frequency tracings are roughly symmetrical with respect to the horizontal time axis. SUMMARY AND DISCUSSION This paper has calculated theoretically that pulsed directional Doppler systems emitting focused beams normal to the direction of a flow produce simultaneous symmetrical "approaching flow" and "receding flow" Doppler spectra which peak at zero frequency and whose extremal frequencies are proportional to the maximum velocity in the range cell which is assumed to coincide with the beam focus. The theory predicted a slightly rounded triangular shape for the spectrum produced by a circular aperture transducer with the spectral bandwidth Af 2 v W 2vW (21) Af-2w cF FX (1 Note that this bandwidth calculated here using diffraction theory, agrees closely with that calculated for arbitrary beam-to-flow angles using the ray approximation [9] .
With a waveform analyzer and averaging techniques, we compared experimental and calculated spectral shape, finding good agreement. The discrepancies are believed to be due to bubble noise and finite bandwidth effects which will be considered in the future.
Note also that the spectral bandwidth of the Doppler system output signal and of the received echo are the same, and that the inverse of this bandwidth corresponds to the width T of the autocorrelation function of these signals. Thus, we can define a signal coherence time r using the distance between the zeros of the main lobe of the sinc2 function (13), i.e., (wWvr)/(2cF) = 27r. This yields 2FX
Wv (22) which is naturally of the same order of magnitude as 1/Af. From (7), we see that the coherence time is approximately equal to the scatterer transit time across the beam focus. Since for time intervals greater than the coherence time, the echo and output signals lose coherence, we see that r also equals the average time between zero crossings of the output Doppler signals. Thus, instead of using the spectral bandwidth of the output signal to estimate velocity, one could have used its average zero-crossing interval. Alternatively, we could have used the average time interval at which the envelope of the echo crosses its mean value which can also be seen to be equal to r. This latter method was in fact demonstrated by Atkinson [19] , [20] . Atkinson viewed his technique as estimating velocity through the "fading rate" of the fluid echo, and derived an expression for the echo coherence time essentially identical to (22), except for a numerical constant. From this point of view, our methods are equivalent, but the spectral properties of the Doppler signal contains additional information, and also provides a convenient transition to the estimation of nontransverse flows. This is illustrated by Fig. 8(a) where the spectrum analysis method is seen to be usable for both transverse and nontransverse flow estimation. This paper has also shown that with a commercially available Duplex system insonifying continuous flow through rigid tubes, it is possible, using the maximum frequencies of the obtained spectra, to estimate the flow velocity with an accuracy similar to that obtained when the flow velocitydis estimated with the traditional Doppler acute angle beam-to-flow orientation. By displaying the continuously calculated "maximum frequency" of the 900 orientation spectra it was found possible to track pulsatile flow velocities, although lower velocity portions of the flow cycle might be unobservable due to the 60 Hz filter of the Duplex system.
The results of this paper, summarized above, show that real time Doppler flow measurements are possible even when the sound beam is at right angles to the flow direc-tion, and that the maximum velocity in the range cell can be calculated from the maximum frequency of the spectrum produced by a conventional directional pulsed Doppler system. Pulsatile flow can also be measured, using a system which continuously computes and displays the maximum Doppler spectral frequency. An advantage of the use of the 90°orientation is that it should allow access to blood vessels in positions which cannot be accessed with the conventional orientation of the transducer. A disadvantage of the new technique is that the Doppler frequencies produced are much lower than usual, and tend to fall into the regions of frequency which are filtered out, to avoid signals from the moving walls of blood vessels. Thus, our results may suggest modifications in next generation pulsed Doppler systems.
